Optical data are essential for the accurate nondestructive determination of profiles of periodic structures in integrated-circuit technology. In rigorous coupled-wave analysis, the sample is generally modeled as layers consisting of a single material and the ambient. We extend present capabilities to the analysis of structures with overlayers and demonstrate our approach by determining quantitatively the thicknesses of top, sidewall, and bottom oxides of deliberately and naturally oxidized structures.
Optical metrology is attractive for determining critical dimensions (CDs) in integrated-circuits technology [1] [2] [3] [4] [5] [6] . It is nondestructive and noninvasive, the results are robust and highly accurate, and the necessary equipment is compact and relatively inexpensive [7] . Analysis is generally based on rigorous coupled-wave analysis (RCWA) [8] , which has been used successfully with reflectrometry, spectroscopic ellipsometry, spectroscopic polarimetry, and scatterometry [2] [3] [4] [5] [6] . A Green-function method based on RCWA has also been developed to improve calculation speed [9] , demonstrating that CD monitoring should be possible in real time.
Yet problems remain. Structures are currently modeled under the restrictive assumption that each layer consists only of the ambient and contiguous core material, as shown schematically in Fig. 1(a) . However, most materials are overcoated with at least one layer of dissimilar material, for example, natural SiO 2 on Si as indicated in Fig. 1(b) . Optical data, and particularly the ellipsometric parameters and ⌬, are highly sensitive to overlayers [10] , and hence their neglect will lead to errors in parameters extracted by RCWA. Here, we extend analysis to allow overlayers to be taken into account. We show that our approach also accommodates more general reentrant structures.
As indicated in Fig. 1(a) , in RCWA structures of pitch ⌳ are modeled by dividing them into layers and applying the usual boundary conditions. The dielectric function of each layer is then expanded as a Fourier series,
͑1͒
where ⑀ h is the hth Fourier component of ⑀͑x͒. ⑀ h is given by
where f is the fraction of material of dielectric function ⑀ a . For lossy gratings the ⑀ h are complex. For numerical simulations a finite number of components h and layers approximate the exact solution. To assist convergence, factorization rules are applied for the TM mode [11] . We now suppose that an overlayer of dielectric function ⑀ c and thickness ␦ is present, as shown in Fig. 1(b) . The Fourier coefficients ⑀ h of Eq.
(1) become
The result can be readily generalized when three or more materials are present. We will discuss this in a subsequent publication.
We examine the capability of determining overlayer properties from optical data by considering first the Si grating of pitch ⌳ = 1000 nm and cross section shown in Fig. 2 
(a). Figures 2(b)-2(d)
show the effect of the overlayer on the optical parameters, calculated by RCWA for an angle of incidence of 70°. To allow us to assess uncertainties independent of optical method, we use irreducible combinations 2 and ⌬ sin 2 instead of and ⌬, since ͑2d͒ ϫ ͑sin 2d⌬͒ is the area element (uncertainty) associated with the point ͑ , ⌬͒ on the Poincairé sphere. The remaining irreducible parameter is r 2 = ͉r p ͉ 2 + ͉r s ͉ 2 , which describes the intensity reflectance for unpolarized light. The differences shown in Figs. 2(b)-2(d) are between values calculated with and without the overlayer, using a Fourier expansion of 41 terms. The contributions from the top, side, and bottom oxides are shown explicitly. For the oxidized structure the Si dimensions were reduced by the amount that would be consumed during oxidation [12] .
The differences are clearly important on the scale of current capabilities, which are of the order of 0.001°in and ⌬. Hence overlayers will be a factor in extracted critical-dimension parameters. The spectral fingerprints of the different regions are significantly different, showing that detailed information can be obtained. As might be expected, the influence of the top oxide is the greatest and the bottom oxide least. The reduced sensitivity to the bottom oxide is not surprising, since information here is carried by wave components propagating under cutoff conditions. What is surprising is the relative importance of the sides, where the geometric angle of incidence is small.
To further illustrate capabilities we photolithographically patterned and etched a Si wafer to form a grating with a 1000 nm pitch, 500 nm linewidth, and 600 nm depth. Then an approximately 100-nm-thick SiO 2 coating was grown by wet oxidation at 900°C. A TEM micrograph of a cross section of the resulting structure is shown in Fig. 3(a) . The capability to analyze an oxide of nonuniform thickness provides a significantly more critical test of modeling than if the thickness were uniform.
Data obtained at an angle of incidence of 70°with a rotating-analyzer SE [13] are shown as open circles and squares in Fig. 3(b) . For RCWA analysis the structure was divided into 31 layers, as shown in Fig.  3(a) . A close look at Fig. 3(a) reveals that the top Si-SiO 2 interface and the bottom SiO 2 surface are concave, so the relevant layers must be represented by the generalization of Eq. (3) that we are deferring to the subsequent publication. Thinner slices were used in these regions to better extract details. The RCWA least-squares fits, shown in Fig. 3(b) , follow the data exactly on the scale of the figure. The resulting profile, delineated in Fig. 3(a) by the envelope lines, is an excellent representation of the structure within the resolution of the approach. We extract not only the overall profile but also the rounding of the oxide and the reentrant details at top and bottom mentioned above. Thus the validity of the approach is confirmed. A one-material model fails to adequately represent the Fig. 3(b) data and consequently cannot accurately determine the structure.
To address sensitivity to overlayer thicknesses, we consider the grating of Fig 4(a) , which is similar to that of Fig. 3(a) but was allowed to oxidize naturally. High-resolution TEM could not distinguish the mounting material from the oxide, so the oxide thickness was determined independently by energy dispersive spectroscopy (EDS). The EDS data indicate that the natural oxide is about 2 nm thick, consistent with the expected value. For RCWA the structure was divided into 21 layers. Since plasma etching creates roughness, we described the sides using Eq. (3) with a combination of Si, roughness, and oxide. The dielectric function of the rough layer was approximated as a mixture of Si and oxide using the conventional Bruggeman effective-medium model [14, 15] .
The RCWA results are shown in Fig. 4(a) as the envelope lines. The RCWA best fits to and ⌬ are shown in Fig. 4(b) . The calculation yielded SiO 2 thicknesses of 2.14± 0.24 nm for the top and 1.67± 0.15 nm for the sides and bottom. The side value is within experimental uncertainty of the directly measured EDS result. The ratio of Si to SiO 2 in the rough layer is about 5:4, which is reasonable. In the calculation most off-diagonal elements of the correlation matrix were small, indicating good separation of the parameters. This is reflected in the relatively small uncertainties in the thicknesses. Thus sensitivity is sufficient to allow natural oxides to be detected and their contributions to structural analysis to be quantified. We discuss this more completely elsewhere, concluding here by noting that the capabilities of nondestructive CD analysis by optical means have now been extended significantly.
